A climatology of the diurnal cycles of HIRS clear-sky brightness temperatures was developed based on measurements over the period 2002-07. This was done by fitting a Fourier series to monthly gridded brightness temperatures of HIRS channels 1-12. The results show a strong land-sea contrast with stronger diurnal cycles over land, and extending from the surface up to HIRS channel 6 or 5, with regional maxima over the subtropics. Over seas, the diurnal cycles are generally small and therefore challenging to detect. A Monte Carlo uncertainty analysis showed that more robust results are reached by aggregating the data zonally before applying the fit. The zonal fits indicate that small diurnal cycles do exist over sea. The results imply that for a long-lived satellite such as NOAA-14, drift in the overpass time can cause a diurnal sampling bias of more than 5 K for channel 8 (surface and lower troposphere).
Introduction
The High-Resolution Infrared Radiation Sounder (HIRS) instruments on board National Oceanic and Atmospheric Administration (NOAA) polar-orbiting satellites have sampled the earth's atmosphere and surface since late 1978. HIRS is a cross-track scanning radiometer that measures brightness temperatures (radiances) in 19 infrared channels, with one additional channel in the visible. It was originally developed for weather forecasting, providing information on atmospheric temperature and humidity (e.g., Hillger and Vonder Haar 1981; Schlatter 1981; Turner and Ellrott 1992) , but has in more recent years also been used in climate studies (e.g., Bates and Jackson 2001; Soden et al. 2002 Soden et al. , 2005 .
The HIRS data record to date includes measurements from 13 satellite platforms, from the Television and Infrared Observation Satellite N (TIROS-N) to the Meteorological Operational satellite A (MetOp-A), covering a period of more than 30 years. As with many long-term observing systems, the HIRS record features characteristics that influence its homogeneity. These are connected to, for example, intersatellite calibration, changes and uncertainties in the spectral response functions of the channels, and drift in the satellite orbits causing a systematic change in the overpass time. Although efforts have been made to examine and correct for these issues (Bates et al. 1996; Cao et al. 2005; Wang et al. 2007; Shi et al. 2008; Cao et al. 2009 ), there are still areas that need further attention.
We address one such area by examining the diurnal behavior of the clear-sky brightness temperatures. Knowing the characteristics of the diurnal behavior enables correcting diurnal sampling biases caused both by drifting satellite orbits and by the fact that satellite platforms have different overpass times. Previous studies have corrected for these diurnal sampling biases using climate models, as described by Jackson and Soden (2007) for HIRS. Here, we take a different approach by basing our analysis exclusively on HIRS observations. We examine the early 2000s, a period that is particularly well covered by HIRS observations and hence allows us to infer the full diurnal cycles from the satellite observations themselves. The output of the study is a climatology of the diurnal behavior of HIRS brightness temperatures.
HIRS data
The HIRS data and the different channels are described more in detail elsewhere (Robel 2009; Shi et al. 2008) . Briefly, channels 1-7 measure in the 15-mm carbon dioxide band, providing information on the vertical temperature profile from the stratosphere (ch. 1) to the lower troposphere (ch. 7). Channel 8 is a window channel, sensing the surface and the lower atmosphere, while channel 9 is in the ozone band. Channels 10-12 are water vapor channels from near the surface (ch. 10) to the upper troposphere (ch. 12). We emphasize that each channel responds to a rather broad layer of the atmosphere according to its vertical weighting function (e.g., Fig. 2 of Jackson and Soden 2007) . In this study, we concentrate on channels 1-12 because channels 13-19, located around 4 mm, and channel 20 in the visible spectrum, are influenced by solar radiation.
We use a recently developed, intersatellite-calibrated version of clear-sky, limb-corrected HIRS data. To remove cloudy pixels, we applied the cloud screening of Jackson et al. (2003) , which considers both spatial and temporal variations in the brightness temperature and applies thresholds to these variations to detect clouds. Intersatellite differences were then determined based on simultaneous nadir overpass (SNO) observations (Shi et al. 2008) . The SNOs are measurements taken at orbital intersections of each pair of satellites viewing the same earth target within a few seconds. They are available only at high latitudes. Analyses of the SNO data showed that the intersatellite differences vary with observed brightness temperatures. Although the SNOs span a large range of brightness temperatures, they do not cover the high temperatures typically observed in tropical regions.
Intersatellite differences at higher brightness temperatures were estimated over an equatorial ocean surface region within 208S-208N and 1608-1008W where diurnal variation and thus temporal sampling biases, as confirmed by climate model simulations, are at minimum. Differences in regional monthly mean values were obtained for overlapping satellites. By combining these low-latitude data with those from SNOs, we constructed temperaturedependent intersatellite differences covering the whole range of observed brightness temperatures. This information was used for correcting the brightness temperatures of all HIRS instruments to the level of NOAA-12.
Our analysis concentrates on the period 2002-07. For this period, intersatellite corrected data are available from NOAA-14 (years 2002-05), NOAA-15 (2002-07) , NOAA-16 (2002-04), and NOAA-17 (2002-07) . This means that, at best, there are eight overpasses available for a certain location and a given day, thus giving a good coverage of the diurnal behavior of the measured brightness temperatures. The fact that some of the satellites, in particular NOAA-14 and NOAA-15, drifted in their local overpass time further improves the diurnal sampling.
To analyze the diurnal cycle of the brightness temperatures, the HIRS data were gridded onto a monthly 2.58 3 2.58 latitude-longitude grid. Thus, the gridded data of July, for example, include data from all July months over the period 2002-07. To minimize the uncertainty introduced by the limb correction, only nearnadir observations (scan positions 26-31; following Jackson and Soden 2007) were included. As a minimum requirement on data availability, only grid boxes with at least 10 observations in each quarter of the 24-h day were included in the analysis.
Fits to diurnal cycles
To facilitate a description of the diurnal behavior of the HIRS brightness temperatures, a second-order Fourier series (similar to Lee et al. 2007; Mears et al. 2003 ) was fitted to the data of each month, grid box, and channel:
T b 5 a 0 1 a 1 cos p(t 2 t 1 ) 12 1 a 2 cos 2p(t 2 t 2 ) 12 .
(1)
Here, T b is the brightness temperature, t is the local time (in hours), and a 0 -a 2 and t 1 -t 2 are the fit parameters. Note that a 0 represents the mean level of T b , a 1 is half the peakto-peak amplitude of the 24-hourly oscillation (the first harmonic), and a 2 is half the peak-to-peak amplitude of the 12-hourly oscillation (the second harmonic)-higher harmonics tend to be very small and were therefore disregarded-and t 1 and t 2 are the phases of the two harmonics. These parameters define the diurnal behavior of the HIRS brightness temperatures, as approximated by Eq. (1). The fits were determined using least squares regression.
It is noteworthy that the a 1 component (24-hourly frequency) essentially cancels out between the ascending and descending node observations of a sun-synchronous polar-orbiting satellite because they are taken approximately 12 h (one-half of a period) apart. Thus, it is the a 2 component that is largely responsible for the diurnal sampling biases. This means also that the intersatellite correction discussed above, which is based on both ascending and descending passes, will include only a small contribution from the a 1 component. Figure 1a shows, as an example, the gridded HIRS brightness temperatures of July and channel 8 together with the Fourier fit for a grid box over the Saharan Desert in northern Africa. Because channel 8 is a surface channel, the diurnal variation of the brightness temperature is rather strong, as expected in this dry, subtropical region. The figure also shows the extra coverage over the 24-h day gained thanks to the drifting satellite orbits. The ascending node observation of NOAA-15, for example, gradually drifts toward local noon from 1845 local time (LT) in 2002 to around 1700 LT in 2007. For NOAA-14 the span is even larger.
The brightness temperatures within each grid box include both year-to-year and day-to-day variability. Yearly groups of similar local time can, for example, be seen for the drifting satellites, NOAA-14 and NOAA-15, in Fig. 1a . Our assumption is that by aggregating the data over 6 years (2002-07), these variations are largely averaged out, and hence the fit parameters are representative of the climatological diurnal behavior of the HIRS brightness temperatures.
Results
We present the results of our study by examining (i) the fit parameters a 1 and a 2 and (ii) the diurnal brightness temperature range (DTR), defined as the difference between the maximum and the minimum of the fitted function [Eq. (1)]. Figure 1b shows the Fourier-fitted brightness temperatures of each HIRS channel as anomalies from the daily mean for July and the Saharan grid box. The diurnal cycle weakens when moving from the surface (ch. 8) to higher layers of the atmosphere (ch. 7-1). The DTR of channel 8 is 30.1 K, decreasing to 4.0 K for channel 6 and staying below 1 K for channels 4-2. Channels 1 and 5, and the water vapor channels 11 and 12, have DTRs between 1.5 and 2.5 K, while both channels 9 and 10, which include a considerable contribution from the surface, exhibit a strong diurnal cycle. Figure 2 shows the January and July global distribution of a 1 and a 2 of channel 8. The strongest diurnal cycles (largest a 1 and a 2 ) prevail over the summer hemisphere subtropical land areas and mountainous regions in the middle latitudes. The diurnal cycle has a minimum over the intertropical convergence zone. In this region, for example over the northern parts of South America and equatorial Africa, convective cloudiness developing during the day tends to suppress the maximum temperature. For a similar reason, the region over India has larger a 1 and a 2 during January than during the monsoon season in July. A seasonal variation can be seen in the Northern Hemisphere midlatitudes particularly in a 1 , for example, over Siberia.
There is a strong land-sea contrast in the diurnal behavior of channel 8 brightness temperatures (Fig. 2) . Both a 1 and a 2 are mostly below 1 K over seas. We note, however, that these values should be interpreted with caution as it is challenging to detect small diurnal cycles in the HIRS brightness temperatures because of underlying natural variability and limited sampling.
To estimate the uncertainty of the derived fit parameters, we used a Monte Carlo approach. Measured brightness temperatures within each grid box were replaced with random numbers from a normal distribution with the same mean value and standard deviation as the observations. Here, we used the pooled standard deviation of the observations grouped according to satellite and ascending or descending node, which excludes any systematic differences between the groups arising from, say, the diurnal behavior. This approach preserves the observation times and the number of observations within each grid box but does not account for possible intersatellite biases. The Monte Carlo analysis shows that when the true diurnal cycle is flat (both a 1 and a 2 are zero), the estimates of a 1 and a 2 are biased toward small positive numbers. This follows from them having a one-sided distribution, always being zero or positive. We ran 300 iterations for each grid box. The results show that the uncertainty is dominated by the number of observations and the natural variability in each grid box. For channel 8, the 95th percentile of both a 1 and a 2 is typically 0.2 K over most of the tropical and subtropical oceans, and increases toward the poles, with values of around 1 K over the summer hemisphere high latitudes and up to 2 K and above for the cloudy and poorly sampled winter hemisphere high latitudes. This means that the a 2 values over the oceans in Fig. 2 are, in fact, largely consistent with zero, whereas a 1 implies that a diurnal cycle does exist over large parts of the oceans.
To improve the sampling and reduce the uncertainty, we performed a zonal analysis, separately for sea and land, aggregating all observations from each latitude band prior to fitting the Fourier series [Eq. (1)]. Coastal regions of mixed surface type were excluded from this analysis by calculating the fraction of land in each 2.58 3 2.58 grid box using a 1-km resolution land mask. Only those grid boxes with no land or more than two-thirds land were included in the zonal aggregates for sea and land, respectively. Figure 3 shows the results of the zonal analysis. The HIRS channels on the y axis of the figure represent the temperature profile (ch. 1-8), ozone (ch. 9), and water vapor (ch. 10-12), as discussed above. According to a Monte Carlo analysis analogous to the one discussed above, the 95th percentile of a 1 and a 2 of this zonal analysis is predominantly less than 0.2 K, hence the choice of white for the values 0-0.2 K in the figure.
Over land (Fig. 3, left column) , the zonal fit parameters of July show, consistent with the situation over the Saharan grid box (Fig. 1b) , that the diurnal cycles of the HIRS brightness temperatures are strongest near the surface (ch. 8) as well as in the ozone channel (ch. 9) and the near-surface water vapor channel (ch. 10). Both a 1 and a 2 decrease with height, and although a 1 generally dominates over a 2 , parameter a 2 also shows magnitudes exceeding 0.5 K for channels 6-10, typically, in the subtropics.
Over seas (Fig. 3, right column) , the diurnal cycles are small. In particular, a 2 is predominantly less than 0.2 K. The value of a 1 , on the other hand, indicates that a small diurnal cycle does exist, which cannot be explained by sampling uncertainties. In the Northern Hemisphere, for example, a 1 of channel 8 takes values between 0.2 and 1 K, mostly resulting in DTRs of 0.3-1.5 K for July. Given that HIRS channel 8 responds not only to the surface but also to the lower part of the atmosphere, which is expected to warm more than the sea surface over the course of the day, these results are consistent with, for example, Kawai and Wada (2007) . They showed, using microwave satellite measurements, day-night differences in the sea surface temperature of ;0.2-l K for June-August in the Northern Hemisphere. Interestingly, channel 1 (stratosphere) shows an a 1 value exceeding 0.5 K for much of the Northern Hemisphere in July. A similar diurnal cycle was revealed by radio occultation data over the tropics, at an altitude of 30 km (Zeng et al. 2008) . The water vapor channels 11 and 12 show a weak diurnal cycle (both a 1 and a 2 ) over both land and sea. In addition, a 1 of channel 12 exhibits a weak but distinguishable maximum in the northern tropical latitudes, indicating a stronger diurnal cycle in the atmospheric water vapor corresponding to the intertropical convergence zone. This is consistent with a regional analysis using geostationary satellite data from the Spinning Enhanced Visible and Infrared Imager (SEVIRI) instrument (Chung et al. 2007) . Over the course of the year (not shown), this weak maximum follows the sun.
Taken as a whole, our results are in general agreement with the analysis of Seidel et al. (2005) , who used radiosonde data to estimate the diurnal temperature cycle. They found, like us, a strong land-sea contrast with stronger diurnal cycles over land, and extending from the surface up to 850 hPa. However, their surface amplitudes, ranging from 1 to 4 K, are substantially smaller than ours. This difference arises partly because the satellite data include a contribution from the surface skin, which is not measured by the sondes, and partly because the radiosonde data are limited in their geographical coverage (e.g., not covering dry subtropical regions to any great extent).
Implications for diurnal sampling biases
To examine the implications of our results, we computed the correction required to convert the observed brightness temperatures to a nominal noon local time. We did this using the zonal land and sea values of a 1 , a 2 , t 1 , and t 2 [Eq. (1)] for each month together with information on the evolution of the satellite orbits. We then area weighted the outcome to obtain a global average. Figure 4 shows, for NOAA-14, the maximum diurnal sampling bias, defined as the difference between the largest and the smallest correction with respect to local noon. The maximum sampling biases are largest for channels 7-11, exceeding 5 K for channel 8. The sampling bias of all channels is of considerable magnitude compared to an expected climate trend of 0.1-0.2 K decade 21 . For many channels, however, and particularly over ocean, the diurnal sampling bias is small compared to intersatellite and limb corrections. We also found that the maximum diurnal sampling bias exhibits a seasonal cycle with maxima at the equinoxes. Furthermore, we used the Monte Carlo results to estimate the uncertainty in the diurnal sampling biases presented in Fig. 4 . Being conservative, we assumed that all meridional uncertainties covary and then tested three assumptions on the covariance of the zonal fit parameters (a 1 , a 2 , t 1 , t 2 ): (i) all parameters covary, (ii) no covariance between the parameters, and (iii) anticorrelation between t 1 and t 2 , on one hand, and a 1 and a 2 , on the other. For each assumption, the standard errors on the diurnal sampling bias were small at about 2% of the actual values over land and less than 10% over sea. This is because the low and midlatitudes, which cover a large area of the globe, are well sampled and thus have only a small uncertainty according to our Monte Carlo analysis (95th percentiles of a 1 and a 2 mainly at 0.1 K or below).
Discussion
A climatology of the diurnal cycles of HIRS brightness temperatures was developed based on HIRS satellite measurements over the period 2002-07. Although this period is short from a climatological perspective, our use of zonally aggregated data and the absence of interannual variability in insolation, the main driver of the diurnal cycle, lends confidence that our results are representative. Other sources of uncertainty not accounted for in our Monte Carlo error analysis relate to the quality and homogeneity of the multi-instrument dataset used.
As we only characterized clear-sky data, our analysis represents the typical diurnal behavior of HIRS clearsky brightness temperatures, rather than an overall climatology. This climatology of Fourier-fitted diurnal cycles of the HIRS clear-sky brightness temperatures will be useful for correcting the long-term HIRS data record, extending more than 30 years into the past, for diurnal sampling biases. The results can also serve as a basis for testing climate models and for more detailed studies on the diurnal behavior of the HIRS brightness temperatures.
The climatology is available upon request.
